The Heat Balance Method (HBM) is used for estimating the heating and cooling loads encountered in a vehicle cabin. A load estimation model is proposed as a comprehensive standalone model which uses the cabin geometry and material properties as the inputs. The model is implemented in a computer code applicable to arbitrary driving conditions. Using a lumped-body approach for the cabin, the present model is capable of estimating the thermal loads for the simulation period in real-time.
INTRODUCTION
Efficient design of mobile air conditioning (AC) has been the center of attention of automotive manufacturers and academic researchers during the last few decades. Reduction of fuel consumption and tailpipe emission are two crucial targets for the auto industry. Air conditioning operation is proven to have a significant impact on the emissions and fuel economy; e.g. AC usage can increase NO x emission from 15% to 100% [1] . The AC power consumption of mid-size cars is estimated to be higher than 12% of the total vehicle power during regular commuting [2] . AC is a critical system for hybrid electric vehicles (HEVs) and electric vehicles (EVs), as it is the second most energy consuming system after the electric motor [3] . Further, AC loads are the most significant auxiliary loads present in conventional ICE vehicles today; its energy use even outweighs the energy loss to rolling resistance, aerodynamic drag, or driveline losses for a typical vehicle. The U.S. alone consumes about 7 billion gallons of fuel a year for AC systems of light-duty vehicles [4] . The AC load of a 1200-kg sedan, under peak conditions, can amount to 6 kW, which can deplete the vehicle's battery pack quickly. Farrington et al. [3] investigated opportunities to reduce AC loads in EVs and HEVs. They reported that the driving range of EV can be reduced by nearly 40% due to AC usage. Welstand et al. [1] also studied the effects of AC on vehicle emissions and fuel consumption. Besides emission and fuel efficiency, passengers' comfort is another major factor that should be considered in the design of new vehicles. In fact, auto manufacturers pay a significant attention to driver and passenger comfort which is directly linked to AC system. This trend is evidenced by new features such as multi-zone climate control and heated/cooled seats that can be found even in recent compact vehicles. Based on these observations, it is of both environmental and economic interest to seek new methods to improve the efficiency and performance of AC systems of vehicle.
A clear understanding of the heating and cooling loads, encountered by the passenger cabin, is a key prerequisite for an efficient design of any mobile AC system. The function of AC system is to compensate for the continuous changes of cabin loads in order to maintain the passenger comfort within a thermal 'comfort zone'. Fanger's model of thermal comfort [5] has been extensively used in AC research and applications as the basis for comfort assessment. Based on Fanger's model, Ingersoll et al. [6] developed a human thermal
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comfort calculation model specific to automobile passenger cabins. While performing thermal load calculations for a vehicle cabin, their model can be used to assess the corresponding status of thermal comfort.
ASHRAE Handbook of Fundamentals [7] provides two major thermal load calculation methodologies: Heat Balance Method (HBM) and Weighting Factor Method (WFM). HBM is the most scientifically rigorous available method and can consider more details with less simplifying assumptions [8] . An advantage of HBM is that several fundamental models can be incorporated in the thermal calculations. Although HBM is more accurate than WFM, it is easier to implement WFM for load calculation in a passenger vehicle [8] . However, when more detailed information of the vehicle body and thermal loads is available, HBM is the preferred choice. Table 1 summarizes a number of previous studies on the estimation of thermal loads in vehicle cabins. Recently, Zheng et al. [10] devised a simple method to calculate vehicle's thermal loads. They calculated the different loads such as the radiation and ambient loads. A case study was performed and the results were validated using wind tunnel climate control tests. The different loads were separately calculated and summed up to give the total heat gain or loss from the cabin. Arici et al. [11] developed a computer code for simulating the dynamic operation of a climate control system for a typical vehicle. They considered the transition of both the cabin temperature and the relative humidity as predicted by the principles of heat and mass transfer; a lumped system model was developed. The components of the AC system were also simulated to work alongside the thermal load balance equations. Ding and Zito [12] also used a lumped model for the cabin and solved the corresponding transient heat transfer differential equation analytically. Their analytical solution can be used as a benchmark for basic problems like the cool-down test. Selow et al. [13] developed a virtual vehicle based on experimental correlations for each significant vehicle component. The virtual vehicle was divided into different modules one of which was the cabin climate. Such simultaneous operation of these modules could provide estimations without necessitating cumbersome and costly experiments.
Besides experimental tests, numerical simulations have also been used to improve the understanding of AC load estimations. Methods put forth by ASHRAE and other bodies often assume the cabin as a "lumped system" and do not take the three-dimensional distribution of temperature and flow parameters into account. Finding exact solutions for distribution of air flow, temperature, humidity, etc. is often complex, thus numerical methods have been employed for such simulations. Alexandrov et al. [14] used two-and threedimensional CFD simulations to investigate the effect of various parameters such as car velocity and outside temperature on the performance of mobile AC systems. They simulated the flow in a typical vehicle and found a maximum temperature difference of about 7°C between two points in the car cabin. They concluded that issues such as low air circulation zones in the cabin can be resolved by designing better air inlet and outlet configurations.
The goal of cooling and heating load estimations is to provide thermal comfort for passengers efficiently. To do this, it is necessary to control the AC cycle to maintain the air quality within the desirable limits specified by a comfort model. Khayyam et al. [15] collected a set of models to calculate the different types of thermal loads encountered in a vehicle. These models were later used to estimate the overall cooling load which was fed to a coordinated energy management system to reduce the air conditioning energy consumption [16] . In conventional AC systems, where the compressor is run by energy supplied from the engine, improvement of the AC system is inseparable from the overall vehicle fuel consumption. Khayyam et al. [17] used similar models to combine with a fuzzy logic air conditioning enhanced lookahead system which estimated future road slope within a distance ahead of the vehicle. They showed that 12% energy consumption savings can be achieved using their proposed enhanced fuzzy system. Wei and Dage [18] developed an intelligent cabin climate control system based on humansensory response to comfort factors. They used passive remote infrared sensors to measure passenger skin temperatures. An intelligent climate controller then controlled the parameters such as the blower speed to provide passenger thermal comfort.
The Heat Balance Method (HBM) allows continuous improvement of load calculation models through applying empirical models and correlations [19] . The essence of this method is the conservation of mass and thermal energy. Because of this approach, much geometrical and thermal detail should be known before applying it to a specific enclosure. This makes HBM an intensive method which is avoided in some engineering applications. On the other hand, due to the fundamental approach of HBM, knowing more details can improve the accuracy of HBM models. This paper aims to provide a new and comprehensive model for estimating thermal loads in vehicle cabins. Although other load estimation models exist as mentioned above, the main emphasis of this study is to account for the dynamic changes to the AC loads that occur in real-world scenarios. The results of this study can be used by HVAC engineers to design more efficient mobile AC systems. A specifically calibrated model for any vehicle can be later implemented to provide accurate predictions of upcoming thermal load variations under various driving and environmental conditions. As such, the ultimate objective of this study is to create a platform for real-time control of the AC system, including AC compressor, heat exchanger fans, passenger(s) seat temperature and window glazing, to achieve superior fuel efficiency and passenger comfort.
MODEL DEVELOPMENT
We consider a lumped model of a typical vehicle cabin. The net heat gain by the cabin can be classified under nine different categories. The total load as well as each of these loads can either be positive (heating up the cabin) or negative (cooling down the cabin) and may depend on various driving parameters. In the following, the models developed for each of these load categories are presented and discussed. Some of the correlations used in the present model are based on experiments performed on certain vehicles, which are used here for general validation of the model. New correlations can be readily plugged into the present model can be tailored to any new vehicle, after specifying those correlations for the case.
The summation of all the load types will be the instantaneous cabin overall heat load gain. The mathematical formulation of the model can thus be summarized as
All of the above values are thermal energies per unit time.
is the net overall thermal load encountered by the cabin.
is the metabolic load.
, , and are the direct, diffuse, and reflected radiation loads, respectively. is the ambient load. and are the exhaust and engine loads due to the high temperature of the exhaust gases and the engine. Finally, the term is the load generated due to ventilation, and is the thermal load created by the AC cycle. Each thermal load is calculated assuming a quasi-steady-state condition. Load calculations are performed at time steps during the simulation period of interest, and after every time step, all the load components are algebraically summed up and the new cabin air temperature and surface element temperatures are calculated as
where ΔT i and ΔT s are the change in the cabin and surface element temperatures at the current time step. DTM is the sum of all the deep thermal masses i.e. the overall thermal inertia of all objects other than air present inside the cabin. These objects include the seat structures, the dash, the dash components, etc. which are combined with the cabin air in the lumped model. Δt is the time step, m a is the cabin air mass and c a is the air specific heat. m s and c s are the mass and specific heat of each of the surface elements and is the net heat gain by a surface element consisting of the heat gain by radiation, , and the heat gain from ambient, .
Metabolic Load
The metabolic activities inside human body constantly create heat and humidity (i.e. perspiration). This heat passes through the body tissues and is finally released to the cabin air. This amount is considered as a heat gain by the cabin air and is called the metabolic load. The metabolic load can be calculated by
where M is the passenger metabolic heat production rate. 
where W and H are the passenger weight and height, respectively.
Radiation Load
The heat gain due to solar radiation is a significant part of the cooling loads encountered in vehicles. According to ASHRAE [7] , solar radiation heat load can be categorized into direct, diffuse, and reflected radiation loads.
Direct radiation is that part of the incident solar radiation which directly strikes a surface of the vehicle body, which is calculated from
where is the direct radiation heat gain per unit area and θ is the angle between the surface normal and the position of sun in the sky. τ is the surface element transmissivity and S is the surface area, respectively. Before local sunrise and after local sunset, simply no radiation loads are considered. The direct radiation heat gain per unit area is found by (6) where A and B are constants tabulated in ASHRAE Handbook of Fundamentals [7] for different months. β is the altitude angle that is calculated based on position and time.
Diffuse radiation is the part of solar radiation which results from indirect radiation of daylight on the surface. During a cloudy day, most of the solar radiation is received from this diffuse radiation. The diffuse radiation heat gain is found by
Similarly, is the diffuse radiation heat gain per unit area which is calculated from (8) where Σ is the surface tilt angle measured from the horizontal surface and the values for C are tabulated in [7] .
Reflected radiation refers to the part of radiation heat gain that is reflected from the ground and strikes the body surfaces of the vehicle. The reflected radiation is calculated by (9) , the reflected radiation heat gain per unit area, is calculated from (10) where ρ g is the ground reflectivity coefficient. Based on the absorptivity of each particular surface element, a percentage of the incident radiation load can be absorbed by that surface, hence increasing its temperature. The net absorbed heat of each surface element due to radiation can thus be written as (11) where α is the surface absorptivity.
Ambient Load
The ambient load is the contribution of the thermal load transferred to the cabin air due to temperature difference between the ambient and cabin air. Exterior convection, conduction through body panels, and interior convection are involved in the total heat transfer between the ambient and the cabin. Equation (12) shows the general form of the ambient load model.
(12)
where U is the overall heat transfer coefficient of the surface element. T s and T i are the average surface temperature and average cabin temperature, respectively. U has different components consisting of the inside convection, conduction through the surface, and outside convection. It can be written in the form (13) where R is the net thermal resistance for a unit surface area. h o and h i are the outside and inside convection coefficients, k is the surface thermal conductivity, and λ is the thickness of the surface element. The thermal conductivity and thickness of the vehicle surface can be measured rather easily. The convection coefficients h o and h i depend on the orientation of the surface and the air velocity. Here, the following estimation is used to estimate the convection heat transfer coefficients as a function of vehicle speed [21] ( 14) where h is the convection heat transfer coefficient in W/m 2 K and V is the vehicle speed in m/s. Despite its simplicity, this correlation is applicable in all practical automotive instances [21] . The cabin air is assumed stationary and the ambient air velocity is considered equal to the vehicle velocity. Numerical simulations can also be used to provide the model with convection coefficients that have higher accuracy and take into account the different orientation and position of every surface component.
Similar to the radiation load above, a portion of the ambient load across the body surface is absorbed by the body plate material. The heat gain or loss of each surface element is the difference between the heat gained from the ambient by the surface, and the heat released to the cabin by the surface. Thus we can write the net absorbed heat as (15) where T o , T i , and T s are the ambient, cabin, and surface average temperatures, respectively.
Exhaust Load
Conventional and hybrid electric vehicles have an Internal Combustion Engine (ICE) that creates exhaust gases. The Exhaust Gas Temperature (EGT) can reach as high as 1000°C [22] . Because of the high temperature of the exhaust gas, some of its heat can be transferred to the cabin through the cabin floor. Considering S Exh as the area of the bottom surface in contact with the exhaust pipe, the exhaust heat load entering the cabin can be written as (16) where U is the overall heat transfer coefficient of the surface element in contact with the exhaust pipe and it should be calculated by Eq. (13) assuming no external convection since the exhaust temperature is measured at the outer side of the bottom surface. S Exh is the surface area exposed to the exhaust pipe temperature and T Exh is the exhaust gas temperature. The temperature of the exhaust gases in Celsius degrees is estimated by [15] ( 17) where RPM is the engine speed in revolutions per minute.
Engine Load
Similar to the exhaust load above, the high temperature engine of a conventional or hybrid car can also contribute to the thermal gain of the cabin. Equation (18) shows the formulation used for calculating the engine thermal load.
(18)
where U is the overall heat transfer coefficient of the surface element in contact with the engine and S Eng is the surface area exposed to the engine temperature. The overall heat transfer coefficient can be calculated by Eq. (13) assuming no external convection, since the engine temperature is measured at the outside of the front surface. T Eng is the engine temperature and is estimated in Celsius degrees by [15] ( 19) 
Ventilation Load
Fresh air is allowed to enter the vehicle cabin to maintain the air quality for passengers. As the passengers breathe, the amount of CO 2 concentration linearly increases over time. Thus, a minimum flow of fresh air should be supplied into the cabin to maintain the passengers comfort. Arndt and Sauer [23] reported the minimum fresh air requirements for different numbers of passengers in a typical vehicle. For instance, a minimum of 13% fresh air is needed for a single passenger.
On the other hand, Fletcher and Saunders [24] reported the air leakage from different vehicle types. They showed that for typical vehicles, leakage occurs as a function of the pressure difference between the cabin and the surroundings as well as the vehicle velocity. For a small sedan car at a pressure difference of 10 Pa, a leakage of 0.02 m 3 /s was reported [24] .
Because of the air conditioning and ventilation, the cabin pressure is normally slightly higher than the ambient. Thus, the ventilation load has to take the leakage air flow rate into account. Meanwhile, in the steady-state operation, the built-up pressure is assumed to remain constant. Hence, ambient air is assumed to enter the cabin at the ambient temperature and relative humidity, and the same flow rate is assumed to leave the cabin at the cabin temperature and relative humidity.
According to psychrometric calculations, ventilation heat gain consists of both sensible and latent loads. To account for both these terms, assuming a known flow rate of fresh air entering the cabin, the amount of thermal heat gain can be calculated from (20) where is the ventilation mass flow rate and e o and e i are the ambient and cabin enthalpies, respectively. Enthalpies are calculated from [25] ( 21) where T is air temperature and X is humidity ratio in gram of water per gram of dry air. Humidity ratio is calculated as a function of relative humidity by
where ϕ is relative humidity, P is air pressure, and P s is the water saturation pressure at temperature T.
AC Load
The duty of the air conditioning system is to compensate for other thermal loads so that the cabin temperature remains within the acceptable comfort range. In cold weather conditions, positive AC load (heating) is required for the cabin. Inversely, in warm conditions, negative AC load (cooling) is needed for maintaining the comfort conditions. The actual load created by the AC system depends on the system parameters and working conditions. In this work, it is assumed that an AC (or heat pump) cycle is providing the thermal load calculated by (23) T comf is the target comfort temperature as described and widely used by ASHARE standards [7] . This is the target bulk cabin temperature which is assumed comfortable at the conditions under consideration. t c is a pull-down constant which determines the overall pull-down time. Pull-down time is defined as the time required for the cabin temperature to reach the comfort temperature within 1 K. Using Eq. (23) for the air conditioning load, the pull-down constant can be calculated from (24) where T 0 is the initial cabin temperature.
Of course, the actual AC load depends on the system sizing and design. For a given system, the load may change depending on the compressor and fan speed as well. The actual power consumption of the cycle should be estimated by considering a suitable Coefficient of Performance (COP) for the vapor compression cycle. Equation (23) is used in this study as a guideline for analyzing the performance of an AC system in a typical vehicle. It shows that analyzing different scenarios with the AC cycle can help efficient sizing and control of the air conditioning cycle.
CABIN GEOMETRY
In order to perform the energy simulations of the present model, the geometry of the cabin should be known. Often the compartment geometry is available in a 3D modeling software. In this study, we used the Polygon File Format (PLY) for importing geometry into the present model. This format stores the 3D surface data in a flexible and portable file which can be of ASCII structure [26] . The format is originally designed to store 3D data achieved from 3D scanners. Thus, in case of scanning the cabin interior area for an energy analysis, the PLY format will be a convenient way of easily plugging the geometry into the code. Also, many broadly-used 3D modeling tools support the PLY format directly.
In the present 3D model, the surfaces are stored in memory as triangles where material and geometrical properties are stored. Figure 2 shows the triangulation of a sample cabin surface. Every triangle element contains all the required material and geometrical properties assigned to that surface. Geometrical properties such as the area and the direction of the normal to the surface are calculated in the code as well. In case of the lumped energy simulation of the cabin, the whole inside air can be abstracted as a single node. On the other hand, the 3D geometry contains various surface triangles which provide a means of heat transfer to and from the ambient. In this study, all of the incoming and outgoing heat loads are assumed to contribute to the heat gain of the lumped body. The energy simulation modules can be coupled to the present numerical simulation codes in order to extend the comprehensive model to a 3D energy simulation model. 
RESULTS AND DISCUSSION
The model is implemented in an object-oriented computer program using the C++ language. The simulation model is flexible and can be used for different cabin geometries, driving scenarios, and ambient conditions. An important part of thermal load estimations is the underlying database used for cabin geometry, materials, weather conditions, driving cycles/duties, etc. In the present simulations, a simplified version of the cabin of eVaro, shown in Fig. 3 , is used for the dimensions. The eVaro is a hybrid electric vehicle designed and built by Future Vehicle Technologies [27] . The eVaro has one driver and one passenger seat which are positioned in tandem. Figure 4 shows the simplified geometry and dimensions of the cabin, as used for simulations in this work. Table 2 summarizes the properties assigned to different surfaces of the body. Surfaces 1 and 2 are assumed to be glass with 3 mm thickness, while the other surfaces are taken to be a typical vehicle body with 10 mm thickness. 10% of surface number 5 (front) is subject to the engine temperature, while 1% of surface number 4 (bottom) is assumed to be subject to the exhaust temperature. There are a number of standard driving cycles used in the auto industry as the basis for tests and analyses. Among many, the Supplemental Federal Test Procedure (SFTP) or the US06 driving cycle [28] was used as an example in this study. The driving cycle lasts 593 seconds; hence it is repeated consecutively to cover longer driving ranges for simulation time. Based on the gear changing according to the torque imposed on the wheels, the RPM values were estimated accordingly. Figure 5 shows the plot of the US06 driving cycle with the corresponding RPM values considered in this work.
Two different driving conditions are simulated using the above-mentioned geometry and material properties. In both cases, the consecutively-repeated US06 driving cycle was used and actual weather data were collected and used for the specific date and time under consideration. The sky condition has been reported as mainly clear for both simulations. In real-time application of the model, the actual weather conditions can be obtained via wireless connection and a Global Positioning System (GPS) to determine more accurate results. In the following, the input parameters are shown for both cases. 
Driving Scenario 1
The specifications of the first driving condition are shown in Table 3 . It is not efficient to use hot ambient air for ventilation when cooling is required. Therefore, a small amount of ventilation flow rate is assumed to account for the minimum fresh air requirements based on recommendations in [23] as well as the previously-mentioned leakages calculated according to [24] . It should also be noted that this is an arbitrary scenario considered in this study to investigate the ventilation load. Realistically, the passenger has the freedom to change the ventilation rate.
The initial cabin temperature was selected at 80°C in this driving condition. This is because the soaked interior temperatures can reach very high values for a vehicle with closed windows parked under solar radiation.
The vehicle is assumed to be driving approximately towards south. Figure 6 shows the random direction changes of the vehicle during the simulation time. Negative heat values mean heat loss from the cabin, while positive values mean heat gains by the cabin. Figure 7 shows that the cabin temperature decreases from a soak temperature of 80°C to the comfort temperature after almost 10 minutes represented by the pull-down time. According to ASHRAE Standard 55 [29] , the comfort level of the cabin temperature is within the range of 22°C to 24°C and the comfort range of relative humidity is between 40% and 60%. Thus, the comfort temperature and cabin relative humidity are assumed to be 23°C and 50%, respectively. The cabin and ambient relative humidity values are assumed constant during the simulation period. Without using AC, high cabin temperature is anticipated because of the small cabin volume, high metabolic heat generation, high radiation, and hot ambient conditions. During the pull-down period, the AC system consumes more power and imposes a negative load on the cabin air to decrease the temperature to 23°C. After the pull-down, a steady-state situation is achieved where the loads are balanced and a zero net load is maintained for the cabin for the rest of the simulation period. Figure 8 shows the contribution of each load category in the net thermal load gained by the cabin. It can be seen that the engine, exhaust, and reflected radiation loads are negligible. We can conclude that when seeking guidelines for reducing cabin heat gains in this driving condition, the engine, exhaust, and reflected radiation loads may be neglected from consideration. Khayyam et al. [16] also concluded that since proper insulation is used in most vehicles, the heat load from the engine and exhaust can be neglected in some scenarios. In such cases, the driving cycle will have an insignificant effect on the overall load estimation inside the cabin.
The direct and diffuse radiation loads, on the other hand, are important AC loads that tend to give rise to the cabin temperature. It is observed that the direct radiation load decreases due to the decrease in the sun elevation angle for the simulation period which is happening after midday. Metabolic load is another positive load which is constant due to no change in the number of passengers. Ventilation and ambient loads are functions of the temperature difference between cabin and ambient. During the first 5 minutes of simulation, the cabin temperature is higher than the ambient. It results in the negative starting values of these loads. After the cabin temperature reaches the steady condition, the warmer ambient imposes almost constant positive ventilation and ambient loads. The assumed AC load formula of Eq. (23) reaches a peak absolute value of about 3000W at the beginning of the scenario. After this time, the pull-down of the cabin temperature finishes and the AC load reaches a balance with the rest of the loads. Then, the absolute AC load value gradually decreases since no more pull-down is required and the contribution of the direct radiation load as a positive heat gain is decreasing as well.
Stegou-Sagia et al. [30] showed that there is room for saving AC energy in residential areas by using carefully selected glazing material. For a vehicle cabin, a predictive algorithm can be implemented in the vehicle AC controller to calculate the loads in real-time. When the thermal loads are being estimated, the decision to decrease glazing transmissivity can be made and the cabin can be cooled down intelligently by keeping the radiation load from entering the cabin. Figure 9 shows the advantage of using glazing transmissivity control on the vehicle glass. The same driving condition is assumed, but with different glass transmissivity constants. Figure 9 reveals that by decreasing transmissivity from 0.8 to 0.5, the required AC power consumption can be reduced by up to 30%. This shows that, in a hot and sunny ambient condition, much of the AC fuel consumption can be saved by using an intelligent glazing system. In a cold and sunny weather condition where the cabin should be heated up, the radiation from the sun actually helps the AC loads. In that case, AC controller should intelligently decide to increase glazing transmissivity, so the heating energy consumption is minimized by taking advantage of the free energy from solar radiation. Table 4 lists the specifications of the second driving condition considered in this study. Also in this scenario, it is not suitable to use cold ambient air for ventilation when heating is required. A small ventilation flow rate is thus assumed to supply the minimum fresh air requirement and leakages identified in the ventilation load model described above. Table 4 . Specifications for the second simulated driving condition.
Driving Scenario 2
The vehicle is assumed to be driving approximately towards east, while Fig. 10 shows the random change of the vehicle direction used as the simulation input. Figure 11 shows the variation of the cabin air temperature and net cabin load for driving condition 2. In this driving condition, the initial cabin temperature is below the comfort level of 23°C. In this cold scenario, a positive net cabin load is provided to the cabin in order to increase its temperature up to the comfort level. After 10 minutes, the net heat load becomes zero which means a balance between the AC heat load and the rest of the loads. After that time, the cabin temperature is maintained at the comfort level. Figure 12 compares the contribution of each load categories during the simulation. Again, negative and positive loads mean cabin heat losses and gains, respectively. In this driving condition, the simulation period is before the local sunrise and thus, there is no contribution by the direct, diffuse, or reflected radiations. Also, the engine and exhaust loads are negligible as discussed in the first driving condition. Due to the cold ambient temperature of this scenario, the ventilation and ambient loads have negative contributions to the cabin loads. This means that the cabin is losing heat to the ambient through these mechanisms. The positive metabolic load is not able to provide enough heat to keep the cabin temperature at the comfort level. Thus, a positive AC load of about 600 W has been required to maintain the comfort level.
As observed here, ventilation is causing a heat loss of more than 500 W from the cabin in the cold condition. This is definitely undesirable in terms of thermal comfort, but may be unavoidable due to leakages or fresh air requirements.
SUMMARY AND CONCLUSIONS
Mobile air conditioning systems should be designed to compensate for the continuous changes of the cabin thermal loads in order to maintain passenger thermal comfort. In this paper, the Heat Balance Method (HBM) is applied to a vehicle cabin to model the various heating and cooling loads transferred to the cabin via radiation, convection, or conduction. Mathematical models of heat transfer phenomena are used to calculate the different load categories.
A comprehensive heat balance model is developed for usage in mobile air conditioning design. A new comprehensive AC design tool is developed. Mathematical load calculation models are devised and collected from various sources to create a comprehensive stand-alone model of load estimation. Quasi-steady-state and lumped-body assumptions are made and a constant time-stepping is performed by the computer simulation code. After every time step, the total heat gain (or heat loss) by the cabin air increases (or decreases) the cabin air temperature accordingly. Cabin wall temperatures are updated after each time step as well.
The present computer simulation takes the vehicle geometry, material properties, and driving condition characteristics as input. By incorporating future study results from numerical simulations or experimental tests, the correlations inside the model can be upgraded. For example, the heat transfer coefficient on every part of the cabin surface can be correlated from simulations conducted specifically on a certain vehicle in order to gain reliable results.
To perform case studies, specific material properties and the simplified geometry of a hybrid electric vehicle are considered in this paper. Two different scenarios are simulated to find the contribution of each of the load categories. A standard driving cycle is applied in the simulations for two different North American cities and the results are compared.
Simulations of different driving scenarios show that some load categories such as the engine, exhaust, and reflected radiation are often negligible, while others such as the ambient or ventilation load can play important roles in the variation of cabin temperature.
For real-life cases, an intelligent algorithm can be devised using the present model. By implementing this algorithm in the car computer, the pattern of upcoming changes can be predicted and accommodated in the AC load in real-time. The necessary modifications in the controllable features of the car such as the glazing transmissivity and the ventilation flow rate can be performed intelligently to provide the comfort level while maintaining energy efficiency.
